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Abstraa

A stable, acarate and computationally efficient
strategy termed Generalized Data Reduction
(GDR) was recently developed to suppart rocket
engine analysis. The GDR technique is suitable
for the smultaneous red-time estimation of
numerous rocket engine hedth parameters. As
such, it has the potentia to serve as the
foundation for both red-time ad paost-test/flight
rocket engine hedth monitoring. The previously
proposed algorithm has been extended and
extensively tested using MC-1 test data
Excdlent agreement is shown between GDR and
conventional paost-test data reduction results for
these test data. Results of simulated anomaly
studies are presented to demonstrate GDR’'S
ability to identify the causal source of small-
scde anomalies. Likewise, the robust response
of GDR to missing sensor datais sown through
simulated sensor elimination results. Finally, the
efficacy of the GDR approach with a small
flight-like sensor suite is demonstrated.

Introduction

Monitoring the hedth of rocket engine systems
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is essentiadly a two phase process The
aquisition phase involves sensing physicd
conditions at seleded locations, converting
physicd input to electrical signals, conditioning
the signals as appropriate to establish scde or
filter interference and recording results in an
easy to interpret form. The inference phase
involves analysis of results from the aquisition
phase, comparison d anaysis results to
established hedth measures, and assessment of
hedth indications.

A variety of analyticd schemes can be employed
in the inference phase of hedth monitoring.
These schemes can be cdegorized as gatistical,
model-based, and rule-based. Statistical analysis
methods can provide excellent comparative
measures of engine operating hedth. They
generally require well-charaderized data from an
ensemble of “typicd” engines, or “golden” data
from a spedfic test assumed to define the
operating rorm, in order to establish reliable
comparative measures. Statisticd methods are
generaly suitable for red-time hedth monitoring
becaise they do not ded with the physicd
complexities of engine operation. The utility of
dtatisticd methods in rocket engine hedth
monitoring is hindered by pradicd limits on the
guantity and quality of available data. This is
due to the difficulty and high cost of data
aqquisition, the limited number of available test
engines, and the problem of simulating flight
conditions in ground test fadlities. In addition,
statisticd methods incur a pendty for
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disregarding flow complexity and are therefore
limited in their ability to define performance
shift causality.

Rule-based methods infer the hedth state of the
engine system based oncomparison of individual
measurements or combinations of measurements
with defined health norms or rules. This does
not mean that rule-based methods are necessrily
simple. Although binary yes-no hedth
asesgnents can sometimes be etablished by
relatively simple rules, the causality assignment
needed for refined hedth monitoring often
requires an exceptionally complex rule base
involving complicaed logicd maps. Structuring
the rule-based system to be dea and
unambiguous can be quite difficult, and the
expert input required to establish and maintain a
large logic network and associated rule base can
be prohibitive.

Model-based methods incorporate physicd
relations and empiricisms in the inference phase
of hedth monitoring.  Such methods are
typicdly more involved because the flow physics
of rocket engines is generaly described by
complex, highly interdependent, nonlinea
relations. The dtending computational
complexity may present an impediment to the
use of certain model-based methods in red-time
hedth monitoring. However, the adtion o
physicd detal does provide a basis for
determining performance shift causdlity at the
component level.

In this paper we describe amodel-based method
identified as Generalized Data Reduction (GDR)
which has been developed for the inference
phase of hedth monitoring. At the highest level,
GDR can be monsidered a strategy for solving the
inverse performance analysis problem often
referred to as data reduction. More spedficdly,
the method employs a caonicd representation
of the engine system performance model to
estimate the operating charaderistics of
hardware mmponents such as pumps, turbines,
injecdors, and arifices consistent with test data.
Computational economy provided by the
simplified performance representation
establishes GDR as ared-time hedth monitoring
toal.

Results of extensive computational experience
with the GDR procedure @plied to MC-1
(formerly known as Fastrac) engine data ae
reported. Data from a recent series of MC-1
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engine tests conducted at Rocketdyne’'s Santa
Susana test facility are used in this investigation
of GDR cgoability. Comparisons of GDR
hardware predictions with those of the parent
engine system performance model are presented.
These results are used to asess fidelity loss
asciated with the simplified representation of
the parent model used by GDR. The aility of
GDR to remver smulated anomalies is
demonstrated, information loss asciated with
single sensor failures is described, and GDR
modificaions to improve hardware recvery
with spedfic sensor failures are outlined. To
better assess flight hedth monitoring capability,
GDR hardware recovery results using a restricted
flight measurement set are presented.
Computational results from a GDR refinement
that employs engine accetance test information
to augment flight measurements is aso
described.

Generalized Data Reduction

In order to establish a logical context for data
reduction, it is important to begin with a general
description of rocket engine performance
analysis. The objedive of performance aaysis
isto predict engine system operating conditions,
P, for a spedfic oontrol state, C, using
mathematicd models of both physicd and
empiricd relations, F. Standard engineeaing
models of hardware function within an engine
typicdly contain a number of fixed parameters,
H, whose values are estimated from acaumulated
test experience The set of operating conditions,
P, includes temperatures, presaures, and flows at
defined locaions within the engine system. The
control state, C, of an engne is defined by
commanded hardware settings such as valve
positions, as well as flow field condtions at the
system boundries.

Performance Analysis Problem

Find P such that
F(P;C,H)=0 1)

F set of physicd and empiricd relations

P set of physicd conditions

C set of system control and boundary settings
H set of hardware parameters

For a spedfic engine system, performance model
predictions for the operating condtions, P,
seldom agree predsely with measured values of
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these parameters. Model calibration enforces
agreament. To describe the cibration process
termed data reduction, it is convenient to first
define the following operating condtion and
hardware parameter partitions:

P ={P, P} H = {H,H} 2
P, modeled physicd conditions
P test measured physicd conditions
H,  adjustable hardware parameters
H,  fixed hardware parameters

In order to tune the performance model for a
spedfic engine configuration, H, values are
adjusted to attain model agreement with the most
current test data T for the seleded physicd
parameters P. The @nventional method for
effeding this agreement is to solve for the
operating condtions P and hardware aljustments
H, simultaneously, effedively couging the
performance prediction and data reduction
processs. The cupled data reduction problem is
described in detal in reference [1]. The
lineaized decouped data reduction problem is
described below.

Linea Decuped Data Reduction Problem

Determine H_ such that

Fc (Ha; P! ’ C) = Pt_Ptc_‘]Han(Ha_Hao)

-J,(C-C) =0
P=T
or equivalently
T-P,= Ju(HH) + 3, (CLC) (©)
where

3 =0OR0; _@R0
Hao BHQQ Co BQQ)

Jambian of P, with resped to H_ at base
state 0
Jambian of P, with resped to C at base
state o

Hao

Co

H,, and C_ represent values of the adjustable
hardware daraderistics and control conditions
a a defined base date typicd of engne
operation. P, is the performance model solution
for the measured parameters at the base
condtions. The Jacbian matrices J,,, and J_,

Hao

3

are composed of the first order influences of the
adjustable hardware and control settings
respedively.  Performance model simulation
results are used to derive finite difference
approximations of the appropriate partial
derivatives at the base date; these partial
derivatives establish the entries in the influence
matrices. A detailed description of the GDR
development strategy, including the subset
sdedion  pocess which  systematicdly
eliminates parameter redundancy, is given in
reference[1].

A natura row partition o eguation system (3) is
defined by the measurements seleded for use in
data reduction. The reduced form of equation
system (3), using orly seleded measurements §
takes the form below:

Ts-Pls) = ‘]Hso (Ha-Hau) + ‘]Cs) (C-Co) (4)

In this relation, T -P, represents the difference
between test data and computed values for the
set of measurement parameters retained by the
subset seledion process Equation system (4) is
solved for the ajustable hardware charaderistics
H_ to complete the data reduction process

There is generally an infinite number of
candidate solutions to the underdetermined
system described in equation (4); therefore, a
closure principle must be adopted to identify the
most appropriate solution. Since the performance
model contains the mndensed archive of test
experience it is logicd to assume that the most
likely operating state of the engine will require
the smallest shift in hardware state nsistent
with observation. This provides an effedive
closure principle axd suggests a data reduction
formulation based on the optimization problem
identified below.

GDR Optimizaion Problem

GDR optimization involves minimizing
(AH)" W AH,

by seleding
AHa:Ha_Hao (5)

subjed to
Ts-Ptso = ‘]Hs)(Ha-HaD) + ‘]Cs) (C-Co) = 0
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The GDR optimizaion problem is an equality-
constrained weighted least squares problem. The
user-spedfied dagonal weighting matrix W
provides a smple mechanism for expert input
based on pmrceved maturity of hardware
comporent modeling. The problem solution
spedfies baseline hardware shifts with the
smallest weighted least squares value @nsistent
with agreement of test data and computed values
for a stable set of measured parameters.
Efficient quadratic programming strategies as
well as full rank SVD methods may be used to
solve problems of this type®® The reaer is
referred to reference[1] for a complete ouitline of
the GDR setup and solution processes.

Restrictions impased by the lineaization can be
relaxed by considering appropriate cmbinations
of measured parameters, control conditions,
and/or hardware charaderistics in the reduction
process An extended procedure, based on
combinations of parameters, can be described in
functional form as foll ows.

Extended GDR Optimizaion Problem

Extended GDR optimizaion involves
minimizing
(Ah)" W Ah

by seleding
Ah=h-h, (6)

subjed to
P(T) —p(Py) = I, (h-h) + I, (c-c) =0

where

h=h(H,) setof independent functions of
adjustable hardware parameters

p=p(P) setof independent functions of
seleded measurements

c=¢(C) setof independent functions of
control settings
_[@p[ ;
J,= [hG) Jambian of measurement

functions p with resped to
hardware functions h at base
state o

4

J = %E‘D Jambian of measurement
co q %

functions p with resped to control
functions c at base state 0

Appropriate seledion d the function sets can be
used to mitigate mputational stability
problems and acommodate norlinea effeds.
Results presented later in this paper were derived
as lutions to the extended GDR optimization
problem constructed spedfically for the MC-1
engine system.

MC-1 Engine and Analysis Badkground

The MC-1 engine is a 60,000 |b vaauum thrust,
pump-fed liquid fuel rocket engine that was
developed by the NASA Marshal SpaceFlight
Center (MSFC).* The engine burns a mixture of
RP-1 hydrocarbon fuel and liquid oxygen. Hot
gas produced by a gas generator is used to power
a turbine that rotates an inline turbopump
asembly. The engine uses five fixed arifices to
control engine thrust and mixture ratio. These ae
the gas generator liquid oxidizer orifice, the gas
generator RP-1 arifice, the main liquid oxidizer
orifice, the main RP-1 arifice, and the turbine
exhaust nozzle orifice The MC-1 engine is
intended to be reusable with the exception of the
ablative nozze.

Three series of MC-1 tests were recetly
conducted on Rocketdyne's Santa Susana Field
Laboratory Alfa-1 test stand in California. The
R1 series was focused on resolving any issues
asciated with the new test stand. The R2 and
R3 series consisted of tests to cdibrate Engine 3
and Engine 5, respedively. Engnes1 and 2 had
previously been tested in the horizontal test
fadlity at the NASA Stennis Space Center
(SC), and Engine 3 had previously been tested
at the Propulsion Test Article Faality at SSC.
The R2 series used a 15:1 arearatio nozze and
the R3 series used a 30:1 arearatio nozzle; bath
series were mnducted at test stand altitude. Due
to separated flow effedsinherent in the R3 series
tests, only R2 series data sets were utilized in
this study. The R2 series consisted of 5
mainstage tests; the first four — R2-1, R2-2, R2-
3a and R2-3b - were 24 seconds in duration, and
the final test — R2-4 — was a full duration test of
159 seconds.

The tests had varying objedives®  R2-1
established an engine cdibration baseline. R2-2
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investigated the effed of LOX inlet pressure
variations on pump run charaderistics. R2-3a
was intended to evaluate engine cdibration in
response to an orifice dange; however, due to a
lek in the oxidizer bleed valve, this was not
acomplished until test R2-3b.  Finally, R2-4
was intended to assess engine cdibration during
full duration (159 seoonds) test. The turbine
exhaust nozze orifice was not changed during
the R2 series. All other orifices were changed
after tests R2-2 and R2-3b. Therefore, tests R2-1
and R2-2 contained identicd  orifice
configurations, as did tests R2-3a and R2-3b.

A ROCETS® performance model of the MC-1
engine was developed a8 MSFC to support
engine design and testing. Fluid conditionsin all
of the magjor engine cmponents and flow ducts
were modeled using one-dimensional flow
physics and empiricisms. This model is the
simulation platform used to generate the engine
system influence matrices for GDR analyses. In
addition, a modified form of this performance
model provided the mnventional data reduction
results used to assess the quality of GDR
predictions.

For computational testing of the GDR strategy, a
total of 25 engine measurements, corresponding
to performance model variables, was employed.
These measurements, and their asociated model
variable names, are given in Table 1. They
include four engine inlet condition measurements
and 21internal engine measurements. Included
in the measurements list are fourteen pressures,
seven temperatures, two flows, one turbopump
shaft speed, and one engine thrust. A total of 17
hardware parameters was seleded for use in
GDR  analyses. These 17 hardware
charaderistics, also given in Table 1, were based
on those employed to perform conventional data
reduction analyses. Included are six duct/line
resistances, four injedor resistances, two pump
head coefficient multipliers, and one eab hea
transfer rate, combustion efficiency, nozze
discharge  coefficient,  orifice  discharge
coefficient, and turbopump power fador. These
engine charaderistics 1) are eaily derived from
the parameter set used for conventional post-test

5

data reduction, 2) allow systematic incorporation
of nonlinea effedsin aform appropriate for the
extended GDR optimization problem described
in the previous dion and 3) lead to enhanced
computational stability.

All of the hardware parameters described in
Table 1 are standard engine parameters, with the
exception of the power fador term, PWRFACT.
The power fador provides a measure of the
discrepancy between the standard turbopump
efficiency computed from performance model
maps, and the adua turbopump efficiency
indicaed by test data. Use of the power factor
instead of individua pump and turbine
efficiencies was motivated by both uncertainty
and stabili ty considerations.

All of the measurements indicated in Table 1
would not typicdly be available on a flight
engine. As part of the former X-34 program, for
example, the MC-1 engine was expeded to have
only the following sensors. the liquid oxidizer
pump dscharge pressure, the RP-1 pump
discharge pressure, the main chamber presaure,
the turbine inlet pressure and the turbine inlet
temperature.  Engine inlet temperatures and
presares would be provided as part of the
vehicle main propulsion system data. With such

a reduced measurement list, the estimable
hardware parameters would require
consolidation. The reduced hardware set used
for  flight engine analyses  includes

ECSMMCHB, PSIMOPMP, PSIMKPMP and
PWRFACT from the original set in Table 1, as
well as new hardware parameter combinations
defined in Table 2.

Results

In order to assess the potential of the GDR
dsrategy for a hedth monitoring (HM)
applicaion, it is necessary to examine reduction
results for acarracy, computational efficiency,
reli abili ty, and anomaly detedion cgpability. An
investigation of GDR suitability for HM was
conducted using R2 series data from the MC-1
engine test program.
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Physical Measurements

Hardwar e Parameters

Enginelnlet

Engine LOX Inlet P (PS/L10)

Engine LOX Inlet T (TTVL10)

Engine RP-1 Inlet P (PSRPFV)

Engine RP-1 Inlet T (TTRPFV)

Fuel System

RP-1 Pump Inlet P (PSVLOO)

RP-1 Flowrate (WRPTOTL)

RP-1 Pump Discharge P (PS/L01)

RP-1 GG Inlet P (PSV/L09)

RP-1 Manifold P (PTVLO5)

RP-1 Manifold T (TTVLO5) *
Oxidizer System

LOX Pump Discharge P (PSOXDS)

8  |LOX Flowrate (WOXTOTL)

9 [ManOX LineIntermediate P (PSVL13)

10 |GGOV Inlet Presaure (PSVL15) *

11 |LOX GG Inlet P(PSVL18)

12 |LOX GG Inlet T (TTVL18)

13 |LOX DomeP (PTVL14)

14 |LOX DomeT (TTVL14) *

GG/Turbine System

15 ([Turbinelnlet T (TTHTGI)

16 ([TurbineInlet P (PTHTGI)

17 [Turbine Discharge P (PTVL22)

18 |Turbine Discharge T (TTHTGD) *

19 |Shaft Speed (SNSHFT)

Main Chamber

20 |Main Chamber P (PTMCHY)

21 |Thrust (FT15A)

A W N P

o 0~ W N P

~

N o o b W N P

10
11
12
13

14
15

16
17

Oxidizer System

LOX Pump Head Coefficient Multiplier (PSIMOPMP)
Main LOX Duct Resistance (RMMCOX)

Main LOX Injector Inlet Duct Resistance (ROLN1)
Main LOX Injector Resistance (ROINJ)

GG LOX Line Resistance (RMGGOX)

GG LOX Injector Resistance (RGGOI)

GG LOX Flow Heat Transfer (QDOTVL18)

Fuel System
Fuel Pump Head Coefficient Multiplier (PSIMKPMP)
RP-1 Pump Inlet Duct Resistance (RKFL1)
Main Fuel Line Resistance (RMMCRP)
Main Fuel Injector Resistance (RKINJ)
GG RP-1 Line Resistance (RMGGRP)
GG RP-1 Injector Resistance (RGGKI)

Turbine/ GG System
Turbine Exhaust NozZe Orifice Cd Multiplier (CDGGNZ)
Turbopump Efficiency Multiplier (PWRFACT)

Main Chamber

Main Chamber c* Efficiency Multiplier (ECSMMCHB)
Nozzle Cd Multiplier (CDNOZL)

*not utilized based on subset selection stability criteria

Table 1 - M easurements and hardware parameters considered in GDR analyses of MC-1 engine

Flight Hardware
Parameter Definition
R3MCOX RMMCOX+ROLN1+ROINJ
R3MCRP RMMCRP+RKINJ
R3GGOX RMGGOX+RGGOI
R3GGFV RMGGRP+RGGKI

Table 2 - Flight hardware parameter
combinations

6

Comparison with ROCETS/MC-1 Data
Reduction Results

In order to assessthe acuracy of GDR resullts, it
is necessary to adopt a standard of comparison.
The GDR procedure relies upon a parent
performance model to establish the functiona
relationships between hardware variation and
measured parameter changes. Since the parent
model currently provides the acceted data
reduction results used in post-test review, the
data reduction results from this parent model are
the de fado standard.
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Due to the well-determined system restriction of
the conventional data reduction method, only 21
(4 inlet and 17 internal) of the 25 measurements
listed in Table 1 were used to derive
conventional data reduction results. In addition,
the 17 hardware charaderistics used in GDR
analyses were based on, but not identicd to, the
17 hardware parameters estimated by the
conventional data reduction method. For
comparison purposes, corresponding values of
the 17 hardware charaderistics used in GDR
analyses were mputed from conventional
model results.

Using measurements from each R2 series tet,
time history data reductions were performed
using both ROCETS-based data reduction and
GDR. Although GDR does not have the well-
determined system restriction of conventional
methods, 17 measurements were dso spedfied
for GDR anayses in order to fadlitate the
comparison between GDR and ROCETS data
reduction results. It should be noted that the
GDR subset seledion procedure diminated
predsely those measurements which were not
used in ROCETS data reduction: GGOV Inlet
Presarre (PSVL15), RP-1 Manifold Temperature
(TTVLO5), Turbine Discharge Temperature
(TTHTGD), and LOX Dome Temperature
(TTVL14). Time history data reduction
predictions were derived for ead hardware
charaderistic over a sequence of one-second
time dlices beginning six seconds after engine
ignition and ending at shutdown. One-second
average test data were used at ead time sliceto
estimate measurement values. Representative
reduction results derived from R2-4 test data ae
displayed in Figures 1 and 2

Figure 1 shows that the ROCETS data reduction
and GDR predictions for the LOX pump hea
coefficient multiplier, PSIMOPMP, are virtually
identicd over the entire 154 sewmnd interval.
Discernable,  dthough  extremely  small,
differences between predictions of the two
methods for the R2-4 man chamber c*
efficiency multiplier, ECSMMCHB, are seen in
Figure 2. Uniformly good agreement between
predictions of the two methods was observed for
all 17 hardware charaderistics over all R2 series
tests.

Table 3 contains a summary of the average
absolute aror for ead of the seventeen hardware
charaderistics over eahy of the R2 series tests.
The excdlent overall level of agreement between

7

GDR predictions and ROCETS data reduction
results is apparent. Only one hardware
parameter, the fuel pump inlet duct resistance
RKFL1, displayed a difference of over 1%, and
then only for test R2-1. Only threeinstances of a
test average absolute difference eove 0.5% were
observed.

Having established that GDR can provide an
accetable level of accuracy for MC-1 engine
data reduction, it was also important to verify
that GDR computational efficiency is consistent
with red-time HM requirements. The dock time
required to real the 21 measurements for a
particular time slice aad perform a @mplete
GDR analysis to recover the 17 named hardware
charaderistics was measured using data from test
R2-4. The dock time required to perform 154
(one for ead 1-second time dlice) such reduction
cycles in sequence using a PC-based computer
system with an 800 MHz Pentium Il processor
was found to be just over one second. Therefore,
the single reduction cycle mmpute time for GDR
analysis of the MC-1 engine system using 21
measurements  to  predict 17  hardware
performance charaderistics was under 0.01
semnds. This was substantialy smaller than the
one seaond monitoring cycle period and served
to verify GDR computational efficiency

Hardware Average Absolute Error (%)

Parameter r2-1 r22 | r2-3b | r24
RGGKI 0.036| 0.031] 0.046| 0.056
RGGOI 0.019] 0.142] 0.019] 0.150
RKINJ 0.092| 0.126] 0.135 0.106
ROINJ 0.044 0.071 0.015 0.024
CDGGNz 0.002 0.002] 0.002] 0.017
CDNOZL 0.008| 0.031] 0.021 0.029
ECSMM CHB 0.017] 0.232 0.081 0.059
PSIMKPMP 0.028| 0.059] 0.026| 0.043
PSIMOPMP 0.010f 0.015 0.004| 0.010
RMM CRP 0119 0.139] 0.149] 0.115
RMM COX 0.042 0.731] 0.094 0.136
RKFL1 1239 0171 0227 0.143
ROLN1 0.006) 0.037| 0.004/ 0.051
RMGGRP 0.154( 0.294] 0.092 0.064
RMGGOX 0.046] 0.659] 0.098 0.093
PWRFACT 0.023| 0.018 0.005 0.009
QDOTVL18 0.081] 0.086) 0.103] 0.402

Table 3 - Average absolute GDR error when
compared to ROCETS data reduction
results
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Figure 2 - Test R2-4 comparisons of ROCETS data reduction resultsand GDR predictionsfor the
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consistent with HM requirements for the MC-1
engine system.

Simulated anomaly recmvery

The central cgpability of any HM system is the
detedion and isolation of operating anomalies.
In the dsence of data from an engine system
experiencing an adual operating anomaly, the
ability to identify simulated failure scenarios
provides an appropriate test for a data reduction
toal.

8

In order to assessthe aility of GDR to identify
operating anomalies, a study of responses to
simulated single source anomalies was
conducted. To approximate the measurement
stream from a single source anomaly, ead of the
17 independent hardware charaderistics used in
reduction studies was individually incremented
within the ROCETS/MC-1 performance model
to simulate anomalous function of the asciated
hardware component. For each simulated single
source  anomaly, the ROCETS/MC-1

American Institute of Aeronautics and Astronautics



performance model then returned predicted
values of the 21 measured parameters employed
in the reduction process These values were
provided as measurement inputs to GDR. The
reduction output was subseguently examined to
determine the acaracy of individua source
anomaly recovery.

A representative result for the fuel pump head
coefficient multiplier, PSSMKPMP, is presented
in Figure 3. The performance model inputs used
to generate the simulated measurements for GDR
were predsely the R2-4 base values, with the
exception of PSIMKPMP; PIMKPMP was st
at 95% of its base value. The line in Figure 3
represents GDR predicted values for the 17
hardware parameters, expressed as a fradion of
the R2-4 base case values. Note that GDR has
assgned hardware causdlity associated with the
anomaly case measurements aaossall hardware
charaderistics, with by far the greaest causality
corredly assigned to PSIMKPMP.

Table 4 displays the magnitude of the single
source aomaly utilized for ead hardware
parameter, expressed as a percentage of the R2-4
base value for that parameter. In addition, for
eatqh of the 17 independent hardware
charaderistics, the percentage error in the single
source anomaly reavery by GDR is displayed.
The largest observed discrepancy of 2% occurs
for the Main Fuel Line Resistance, RMM CRP.
Due to the faa that RMMCRP is actualy a
combination of performance mode hardware
parameters, it is not diredly perturbed. A related

Error in GDR
recovery of
Hardware perturbed
Parameter  |Perturbation (%)| parameter (%)
RGGKI 23.46 0.82
RGGOI 23.46 197
RKINJ 23.46 0.95
ROINJ 23.46 0.13
CDGGNz -5.00 0.14
CDNOZL -5.00 0.29
ECSMM CHB -5.00 0.02
PSIMKPMP -5.00 0.21
PSIMOPMP -5.00 0.06
RKFL1 10.00 0.01
ROLN1 10.00 0.02
RMGGRP 23.31 0.34
RMGGOX 23.38 0.70
RMM CRP 29.94 219
RMM COX 19.93 0.07
PWRFACT -3.25 0.06
QDOTVL18 10.00 0.00

Table 4 - Magnitudes of simulated single
source anomaliesand errorsin
GDR recovery of these anomalies

performance model hardware parameter was
perturbed by 10%, resultingin a 23.46% increase
inthisresistance Thislarge resistance dangeis
acarately predicted by GDR. In general, the
GDR reomvered vaue of the anomay
charaderistic is within +/-1% of the generating
value. This indicaes an excdlent ability to
identify the c@usa source of small scde
anomalies.

1.02

1.00 1

0.98

Fraction of Baseline

0.96

Figure 3 - GDR recovery of PSIMKPM P anomaly
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Sensor Elimination Study

A robust HM drategy must be caable of
acommodating  sensor  faillures  without
excessive degradation in the acarracy of engine
hedth asesanent. To aacomplish this, data
from a malfunctioning sensor must first be
remgnized as emanating from defedive
instrumentation rather than changes in host
system function, and then eliminated from any
computational scheme aimed a assessng
operational hedth. Once susped sensor data
have been eliminated, the loss of hedth
monitoring cgpability must be evaluated, and
assesgnent procedures adjusted to best utilizethe
remaining data. The comparative tools required
for identification of sensor malfunction were not
considered as part of this effort. However, the
effect of single sensor data losson the acuracy
of GDR results for the MC-1 engine was
investigated. Adjustments to the computational
procedure that improved the acuracy of
reduction results for spedfic single sensor data
losscases were dso identified.

In order to assess the impad of individual
sensor failures on GDR predictions of MC-1
engine operation, a simulation study was again
performed. Eadch of the 17 pimary interna
measurements was individualy eliminated from
a gpedfic GDR run. In most cases, the
measurement set used in the restricted reduction
analysis was composed of the remaining sixteen
primary internal measurements. For certain
sensor loss cases, acarracy of the reduction
results was enhanced by considering fewer
measurements. The total number of sensors used
in performing the final reduction is indicated in
Table5. In all cases where the number is 16, the
unused measurements were the failed
measurement in question and the typical four
measurements  eliminated  through  subset
seledion — PSVL15, TTVLO5 TTHTGD and
TTVL14. For the three caes where the find
number of measurements used was 15, the
recovery accuracy was enhanced when an
additional measurement was also eliminated.

For several intermediate duct/line pressures;
namely PTVLO5, PSVL09, PSVL13, PTVL14,
and PSVL18, the loss of sensor data did not
impad the overall acarracy of GDR predictions.
This is because the loss of sensor data for these

Number of
measure-
Measure- |mentsused|0.5% <error |1% <error
ment by GDR <1% <2% |error > 2%
RMMCOX,
PSOXDS 16 RMGGOX
ECSMMCHB,
PSIMOPMP, | ROINJ,
WOXTOTL 15 ROLN1 RMGGOX
RKINJ,
WRPTOTL 16 RMMCRP RKFL1
PSVL 00 16 RKFL1
RMMCRP,
PSVLO01 16 RMGGRP
PTMCHY 16 RKINJ
RGGKI,
PTHTGI 16 RGGOI
RMGGOX,
TTHTGI 16 PWRFACT RGGKI | RMGGRP
CDNOZL,
FT15A 16 ECSMM CHB
TTVL18 16
SNSHFT 15
PTVL22 16 CDGGNZ

Table5 - Effed of single sensor data losson GDR
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analysis procedure and results

measurements was observed to impad only
resistances proximate to the sensor locaion. A
typicd case using R2-4 test data is displayed in
Figure 4 for the main oxidizer line intermediate
presare, PSVL13. When sensor data for
PSVL13 are lodt, the primary effed is a
reduction in the aility to discriminate between
changes in the proximate line resistances
RMMCOX and ROLN1. However, when the
resistance sum RMMCOX + ROLN1 is
examined, the PSVL13-lost and original, full
measurement suite ROCETS data reduction
results are virtually identical. The impad of the
loss of PSVL13 on GDR predictions for other
hardware charaderistics is negligible. In effed,
the loss of PSVL13 has little dfed on the
acarracy of GDR results as long as the effedive
resistance sum RMMCOX + ROLNL1 is used to
replace the mponent resistances. All 5
intermediate duct/line pressures identified above
exhibited similar behavior which could be
completely acommodated by resistance
combinations.

American Institute of Aeronautics and Astronautics
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Figure 4 - Behavior of RMM COX+ROLN1 with and without the lossof sensor measurement PSVL 13,

the main oxidizer lineinter mediate pressure

The degradation of GDR acaracy associated
with the lossof asingle sensor is charaderized in
Table 5 for al primary MC-1 engine
measurements.  Loss of predicted hardware
fidelity less than 0.5% was considered to be
benign. Hardware parameters with errors in
excess of 2% were oonsidered problematic and
hedth assessments related to these parameters
are not indicaed if the associated sensor failure
occurs. Hedth assessments related to parameters
with errors between 0.5% and 2% should be
caefully considered if the associated sensor
failureisidentified.

Fli ght Measurement Set

The ultimate test of an engine hedth monitoring
system occurs during flight operations. Hedth
asesanent for a sparsely instrumented flight
engine requires robust toods. As indicaed
previously, only five internal measurements were
anticipated for flight-ready MC-1 engines.
Becaise thrust and intermediate pressure
indicaions were to be asent in flight engines,
the number of reduction hardware parameters
was reduced to eight. This included four of the
original hardware set as well as the four
resistance @mmbinations presented in Table 2.
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It should be observed that using five internal
measurements and eight hardware parameters

spedfies  the reduction system as
underdetermined. The solution of the extended
GDR  optimization poblem  (6)  for

underdetermined systems is the hardware
combination that minimizes the shift away from
the base @se hardware values in the least
sguares ense, while enforcing model agreement
with test values of the measured parameters.
Assuming base state values represent best
available estimates for the hardware parameters,
the GDR solution can be thought of as a type of
maximum likelihood prediction gven measured
conditi ons.

In the GDR process inlet condtions are used to
corred the off-baseline shift of measured
properties in response to changing inlet
propellant  properties. One method o
augmenting this corredion is to trea data from
the engine accetance test in the same manner as
inlet properties are used. Since MC-1 engine
systems would be expeded to undergo brief
acceptance testing prior to flight, the availabili ty
of acceptance test data for flight operations is
assumed. For the MC-1 engine, the use of
simulated accetance test data for the oxygen
and RP-1 flow rates, WOXTOTL WRPTOTL,
was found to improve cetain predictions.
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GDR analyses of MC-1 engine operation in test
R2-4 were performed using only the five internal
measurements and the a@ght hardware parameters
appropriate for flight. Representative results are
displayed in Figures 5 and 6. Both figures
display standard ROCETS data reduction results
using al 17 pimary internal measurements and
GDR predictions using aly flight set
measurements.  GDR predictions with and
without acceptance test information are
displayed. For purposes of this gudy, the
accetance test value for each propellant flow
was assumed to be the 20 to 23 second average
of the R2-4 test data.

It is obvious from examination of Figure 5 that
use of propellant accetance test information
improves both trending and acairracy for the
oxygen pump heal coefficient multiplier
PSIMOPMP. Similar comments are gpropriate
for the main chamber c* efficiency multiplier
results displayed in Figure 6. The fluctuation of
GDR flight reduction results is observed to be
muted relative to standard full set predictions,
espedally when acceptance test propellant flows
are used.

Table 6 provides values of the R2-4 average
absolute prediction error obtained for ead

£ 1.05
= GDR - standard
;= GDR - w/ acc Test
= M — - - —ROCETS
£ 1041 hi
g | i \
S AL
- WM Vi
g P/t V) 'l .\ l
= 1.08 1 | I.'y'.".| J‘,J‘ Y ' A\l AN ; ' "
= PRV ) Vi)
£ LR ALY HEY LR TR A VAL MY T
£ |, 7\ N ) ) o 11y -I ' l V
é ) i
= 1.02 w
0 20 40 60 80 100 120 140 160
Time (secsfrom start)

Figure 5 - GDR flight measurement resultsfor the LOX pump head coefficient multiplier - with

and without acceptancetest infor mation

0.99
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7
GDR - w/ acc. test . A
" AN
2 0.98 1 |—-- —ROCETS \ .A-, A
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S & 097 \ \I‘-\ \I /
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£z N AL A ,J\/\\/\V o
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Figure 6 — GDR flight measurement resultsfor the main chamber c* efficiency multiplier —
with and without acceptance test infor mation
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Without flow
averagesfrom | With flow averages
acceptancetest  |from acceptance test
Average Average
Hardware | Absolute | Standard | Absolute | Standard
Parameter | Error (%) | Deviation| Error (%) | Deviation

R3MCOX 0.986 0.006 0.303 0.003
R3MCRP 1.100 0.008 1.28 0.005
R3GGOX 0.107 0.001 0.230 0.001
R3GGRP 0.059 0.000 0.0700 0.000

PWRFACT 0.294 0.002 0.612 0.003

ECSMM CHB| 0.845 0.004 0.286 0.002

PSIMKPMP | 0.270 0.002 0.240 0.002

PSIMOPMP | 0.617 0.004 0.287 0.002

Table 6 - GDR accuracy using only flight
measur ements

hardware parameter. In this case, the average
absolute aror is defined as the average of the
absolute difference between GDR flight set
reduction results and ROCETS full set data
reduction results. Absolute error vaues are
prescribed for GDR results generated bah with
and without accetance test propellant flow
information. Using acceptance test flows, only
two parameters exhibit an average asolute aror
above 0.5%, while four have erors excealing
0.5% without considering these flows. It is aso
observed in Table 6 that the standard deviation
of the absolute aror isin general improved using
accetance test flows. Considering the limited
number of internal measurements available in
flight, these results are cnsidered to be very
good

Summary

The GDR process is a model-based inference
too that is applicable to any system whose
performance @n be described by physicd
relations and hardware empiricisms with tunable
parameters, such as a rocket engine. It can
provide exceptionally fast health information for
red-time dedsion-making by an onboard
control system or a control room operator.

For the fixed-orifice MC-1 engine, the results
presented in this paper support the use of GDR
as a hedth monitoring tod. The GDR strategy
employed had been modified to better acourt

for system nonlineaity. The introduction of
nonlineaity, through the parameter functions
described in problem statement (6), preserved the
computational efficiency of lineaity while
improving system stabili ty and acairacy.

GDR results showed excellent agreement with
conventional data reduction results. Clea
indicaion of small-scde anomaly recovery was
presented, although a more thorough evaluation
of this capability would require data from
redistic scenarios exhibiting multi-component
anomaly operation. Reduction flexibility in the
presence of single sensor failures is aso
indicaed. The onsequences of multiple
simultaneous eensor failures and measurement
bias need to be investigated further.  For the
MC-1 engine system, a small set of flight
measurements provided an adequate basis for
recovery of pertinent parameters describing
hardware function. Flight measurement results
were obtained by using an underdetermined
system of defining equations and the dosure
principle defined by the extended GDR
optimization problem.
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